Gestational inflammation may contribute to brain abnormalities associated with childhood neuropsychiatric disorders. Limited knowledge exists regarding the associations of maternal cytokine levels during pregnancy with offspring neurocognitive development. We assayed the concentrations of five cytokines (interleukin (IL)-6, IL-1β, IL-8, tumor necrosis factor alpha (TNF-α), and IL-10) up to four times in the 2nd and 3rd trimesters of pregnancy using stored prenatal sera from 1366 participants in the New England Family Study (enrollment 1959-1966). Intelligence (IQ), academic achievement, and neuropsychological functioning of singleton offspring were assessed at age 7 years using standardized tests. We used linear mixed models with random effects to estimate the cumulative exposure to each cytokine during 2nd and 3rd trimesters, and then related cumulative cytokine exposure to a wide range of offspring neurocognitive outcomes. We found that children of women with higher levels of the pro-inflammatory cytokine, TNF-α, in the 2nd and 3rd trimesters had lower IQ (B = −2.51, 99% CI: −4.84,−0.18), higher problem scores in visualmotor maturity (B = 0.12, 99% CI: 0.001,0.24), and lower Draw-a-Person test scores (B = −1.28, 99% CI: −2.49,−0.07). Higher gestational levels of IL-8, another pro-inflammatory molecule, were associated with better Draw-a-Person test scores and tactile finger recognition scores. Other cytokines were not associated with our outcome of interest. The opposing directions of associations observed between TNF-α and IL-8 with childhood outcomes suggest pleiotropic effects of gestational inflammation across the domains of neurocognitive functioning. Although the path to psychopathological disturbances in children is no doubt multifactorial, our findings point to a potential role for immune processes in the neurocognitive development of children.
Introduction
Maternal immune system activation during pregnancy -whether in response to an infection, autoimmune processes, stress, or a genetic predisposition-may contribute to the brain abnormalities associated with neuropsychiatric disorders such as autism spectrum disorder (ASD) 1, 2 . Experimental studies in animals suggest that immune activation across gestation is associated with aberrant neurogenesis, neural migration, and synaptogenesis in the offspring 3, 4 . Interruptions in these processes in animal models contribute to neuropathological abnormalities including reduced cortical thickness, smaller volumes in specific brain regions (e.g., hippocampus), and abnormalities in brain connectivity and plasticity. Neurochemical alterations are also reported as a consequence of immune activation during gestation 3, 4 . Epidemiological studies have shown that even lowgrade inflammation in pregnancy might impact the developing fetal brain, but results are inconsistent. For example, the presence of fever during pregnancy-a sign of systemic inflammation-was associated with increased risk of ASD among offspring (particularly with 2nd trimester fever) 5 . Brown et al. found that higher levels of maternal C-reactive protein (CRP) in the 1st and 2nd trimesters of pregnancy were associated with higher risk of ASD 6 . In contrast, however, another study found that maternal mid-pregnancy levels of CRP were lower in mothers of children with ASD as compared with controls 7 . In these studies, maternal inflammatory molecules were assessed at one single time point. To date, few studies have examined inflammatory markers in pregnant women on multiple occasions during gestation 8, 9 . Moreover, little is known regarding the role of immune molecules in promoting healthy neurocognitive development throughout gestation. Across pregnancy, hormonal changes in the mother along with the production of protective factors by the growing fetus that are required to achieve successful embryo implantation and fetal development lead to critical variations in T-cell balance and inflammatory markers, even during the course of normal gestation 10 . Therefore, a single measurement of gestational inflammatory markers may not adequately reflect cumulative fetal exposure to potentially neurotoxic (or neuroprotective) exposures during critical periods of brain development.
To the extent that gestational inflammation causes deviations from typical neurodevelopmental trajectories that result in elevated risk of neuropsychiatric disorders [11] [12] [13] , it is unlikely that normal neurocognitive functioning in childhood would remain otherwise intact. This is important because impairments such as intellectual abilities, language, and higher order cognitive processes are frequent manifestations of childhood psychiatric disorders and also exacerbate the course of adult psychiatric disorders 14 . Perturbation in gestational immune activity might therefore have broad consequences for offspring neurodevelopment ranging from neurological abnormalities and deficits in executive function 15 in addition to raising the risk of the development of a range of neuropsychiatric diagnoses. However, evidence supporting this hypothesis is limited 16 . Accordingly, we measured concentrations of five cytokines (interleukin (IL)-1β, IL-8, IL-6, IL-10, and tumor necrosis factor (TNF)-α) previously linked to psychopathologic disturbances in offspring 17 during the 2nd and 3rd trimester of pregnancy in a population-based cohort of pregnant women. Receptors for these cytokines are present in several key brain regions including the hippocampus, the amygdala, and both ventromedial and paraventricular hypothalamic nuclei 18, 19 . We selected IL-10 because of its anti-inflammatory properties. Using a twostage analytic process, we first derived a measure of the cumulative cytokine concentration and then related these cumulative concentrations to offspring's cognitive performance, academic achievement, and neuropsychological functioning at age 7 years. The study design builds upon prior work by including repeated measures of cytokines across pregnancy rather than relying solely on a single time measurement, and investigating a spectrum of neurocognitive outcomes in children that have been implicated in a broad range of neuropsychiatric diagnoses as adults.
Materials and methods
Participants were offspring of 1366 singleton pregnancies enrolled in the Collaborative Perinatal Project (CPP, 1959 (CPP, -1966 13,16 , who were identified based on their participation in one or more adult follow-up studies of the Boston and Providence CPP, known as the New England Family Study (NEFS). Maternal serum samples were collected serially during pregnancy and stored in the repositories. We included mother-child pairs with one or more assays of gestational cytokines (beginning week 14 of gestation until delivery, n = 2366 assays). Among 1366 singleton pregnancies, 101 pregnant women contributed with two children, six with three children, and two with four children. Seventy-six percent of prenatal serum samples (n = 1847) were drawn between weeks 14 and 34 of gestation. In the 1366 pregnancies included, there were 549 women for whom IL-1β was measured only once (40.2%), 654 for whom it was measured twice (47.9%), 145 for whom it was measured three times (10.6%), and 18 for whom it was measured four times (Supplementary Table 1 ). Women with one, two, three, or four assays of IL-1β were comparable in their characteristics including age, weight and height, history of treatment for psychiatric disorders, preeclampsia, and gestational diabetes (data not shown); with the exception that women who had cytokine data from a single time point were more likely to have high socioeconomic disadvantage (21.8%) compared to women with two (14.3%), three (12.4%), or four assays (5.6%). Information on neurocognitive functioning was available for 1128 mother-child pairs (83% of 1366).
We assayed stored maternal serum for concentrations of IL-1β, IL-8, IL-6, IL-10, and TNF-α using multiplexed immunoassays. Cytokine levels were assessed using a multiplexed, bead-based immunoassay (Milliplex TM human cytokine panel, MPXHCYTO-60K, Millipore, MO) on a Luminex 3D TM detection platform (Luminex Corporation, TX) 20 . Assay sensitivities ranged from 0.1-0.4 pg/mL. Twenty-five microliters of each serum sample were diluted 1:1 in assay buffer and run on the same plate with six serial dilutions (3.2-10,000 pg/mL) of cytokine standards buffer only (background), two commercial quality control samples, and one in-house plasma sample on each 96-well plate. Samples were treated similarly (same number of freeze-thaw cycles), using assay kits and reagents from a single lot, and all assays were completed within a 2-month period. All samples were run in duplicate and mean values were reported. Samples yielding problematic data (bead count errors or elevated inter-well covariance (CV);~5% of samples) were re-assayed using additional previously prepared, assaysize, frozen aliquots, minimizing the number of freeze-thaw cycles for any required repeats. Assays were completed according to manufacturers' protocols, with overnight incubation at 4°C on a shaker prior to detection of mean fluorescence intensities (MFI) of analyte-specific immunoassay beads on the Luminex 3D. Raw data (MFI) were captured using Luminex xPONENT™ software (v.4.0.846.0) and concentrations of immune factors in each sample were interpolated from standard curves using a 5-parameter, weighted, logistic regression curve equation in Milliplex Analyst™ (v.3.5.5.0). To minimize potential bias, all study samples were assigned randomly across all assay plates. Inter-assay CV was controlled by adherence to stringent protocols, maximizing reliability, and comparing data across plates from replicates of serial standard curves, kit-specific quality control samples, and in-house plasma control samples that were included on each plate. The laboratory's intra-assay CV was within the manufacturer's range of <10%. Measurements below the lower limit of detection of any analyte were recoded to the midpoint between zero and the limit of detection for that analyte. Samples initially yielding values at or above the upper limit of analyte detection were re-assayed at multiple serial dilutions to bring concentrations into detectable (linear) range. Several previous studies using samples stored under similar conditions and for a similar length of time (>40 years) demonstrated the long-term stability of cytokines and reported associations of cytokine levels with several outcomes in the offspring 11, 13, 16 . Study psychologists evaluated children's neurocognitive function at age 7 years. Assessments were performed following a strict protocol and extensive quality controls. Verbal and performance IQ were assessed using the Wechsler Intelligence Scale for Children (WISC) 21 and the full-scale IQ was calculated based on a combination of these two scores. Children's academic performance was assessed using the Wide Range Achievement Test (WRAT) 22 . Based on the WRAT, children received scores in three domains of reading, spelling, and arithmetic skills that represented their rating as compared to their grade placement. The Bender Gestalt test is a brief test of visualmotor skills appropriate for children of 3 years and older and was used to assess visual-motor functioning 23 . Higher Bender Gestalt test scores indicated more problems. Psychologists also administered the Goodenough-Harris Draw-a-Person Test (evaluating performance abilities; higher scores indicate better performance) and Tactile Finger Recognition (evaluating motor functioning, higher scores indicate better performance) to children 24, 25 . Information on maternal age at enrollment, educational level attained, and race was collected from women during study enrollment by in-person interview 16 . Participants also reported on the household income, parental occupation, and family structure (both parents at home, single, or divorced/separated /widowed). A socioeconomic disadvantage score was calculated on the basis of parental education and occupation, household income, and family structure (higher scores defined worse disadvantage) 26 . Women reported on the number of cigarettes smoked per day in pregnancy and a history of treatment for psychiatric disorders. Presence of gestational diabetes and preeclampsia was recorded on obstetric diagnostic summaries. Maternal body mass index (BMI) was calculated using self-reported pre-pregnancy weight and height.
We used a two-stage regression calibration approach for analysis that summarized the repeated concentration measures of each cytokine during pregnancy in the first stage; in the second stage, we related measures of cumulative cytokine exposure to childhood neurocognitive function. This method accounts for any measurement error in the cytokine assays 27 , and for variability in cytokine concentrations across gestation 9 . An additional advantage of this approach is that cumulative inflammatory burden can be estimated for each pregnancy even though there might be a sizable fraction of pregnancies with only a single measurement.
First, the cumulative concentration of each cytokine (log-transformed) across the 2nd and 3 rd trimesters was estimated using linear piecewise mixed models. Linear piecewise mixed models were fitted with a pregnancylevel random intercept to estimate the variation in the concentration of each cytokine across pregnancy 28 . The piecewise mean structure incorporated a linear term from early in the 2nd trimester through the end of that trimester, an intercept centered at week 27 marking the beginning of the 3rd trimester; a linear term from the beginning of the 3rd trimester through delivery; and an indicator variable (D) that indicated whether any sera were obtained on the day of delivery for that pregnancy (to account for cytokine variations associated with parturition 29 ). For each pregnancy, parameters from these models were used to define two lines joined at midgestation, the area below these lines used to quantify a mother's cumulative inflammatory burden over pregnancy.
Second, we examined the association between logtransformed estimates of the cumulative cytokine concentrations across 2nd and 3rd trimesters and the offspring's neurocognitive outcomes. We used linear regression to analyze the continuous outcomes and regression coefficients with 99% confidence intervals (CI) (two-sided test with α = 0.01, a Bonferroni correction of p = 0.05/5 cytokines to account for multiple cytokine tested). For significant associations involving proinflammatory cytokines in our panel, analyses were also performed with the ratio of pro-inflammatory cytokines to that of the anti-inflammatory cytokine IL-10. Neurocognitive scores with a skewed distribution were logtransformed (WRAT arithmetic score, Bender Gestalt score, and Tactile Finger Recognition score). Models were adjusted for the child's sex and age at neurocognitive assessment, and maternal race, education, age at study enrollment, socioeconomic disadvantage, cigarettes smoked during pregnancy, history of treatment for psychiatric disorders, BMI prior to pregnancy, preeclampsia, and gestational diabetes, as these factors are commonly associated with gestational inflammation and early neurodevelopment 6, 8, 11, 30 . Supplementary Tables 2 and 3 present the associations of covariates with cumulative cytokine concentrations. Analyses of offspring outcomes were conducted using generalized estimating equations (GEE) to account for the presence of 109 sibling sets in the analysis sample. To examine whether effects might be restricted to the extremes of the distributions, we ran the same models with cumulative cytokine measures categorized into quintiles. As some studies suggested a sexspecific effect of cytokines in relation to early neuropsychiatric outcomes 11, 13 , an interaction with sex was tested in relation to neurodevelopmental outcomes. Analyses were conducted in SAS 9.4.
Results
Characteristics of the 1366 pregnant women and their children as well as means and standard deviations of the cumulative measures of cytokines are presented in Table  1 . The mean age of study enrollment was 24.8 years (SD = 5.7), the sample was predominantly White (88.8%), and a very few pregnancies had preeclampsia or gestational diabetes.
The first stage of the analyses involved fitting linear mixed models of the concentrations of each cytokine during pregnancy across 2nd and 3rd trimesters of pregnancy (coefficients from which are presented in Supplementary Table 4) . These coefficients were then used to derive cumulative concentration measures for each pregnancy, which were then related to children's neurocognitive outcomes at age 7 (Tables 2-4 ). There was a negative association between gestational TNF-α and children's IQ scores: for each unit difference in the cumulative concentration of gestational TNF-α, full-scale IQ scores were, on average, 2.51 points lower (99% CI: −4.84, −0.18). This association was most prominent in the domain of performance IQ (Table 2 ). There were no associations between TNF-α, IL-10 ratio, and children's IQ. We found no association between any measure of gestational inflammation and children's academic achievement scores (Table 3 ). In the domain of neuropsychological functioning (Table 4) Results of the categorical analyses of cytokine exposure revealed no association specific to either end of the cytokine distributions (data not shown). Finally, we found no evidence for sex differences in the associations between gestational inflammatory markers and 7-year neurocognitive function (data not shown).
Discussion
We found that higher cumulative concentrations of TNF-α and lower concentrations of IL-8 throughout the 2nd and 3rd trimesters were associated with poorer age 7 neurocognitive functioning. Higher TNF-α concentration was associated with lower IQ, poorer cognitive performance, and higher problem scores related to visual-motor maturity, whereas children exposed prenatally to lower levels of IL-8 had poorer scores for cognitive performance and motor function. Cumulative concentrations of cytokines had large means and standard deviations ( Table 1) . The observed effect in outcomes (e.g., IQ) per unit increase in the exposure (concentrations of each cytokine or cytokine ratio in the log scale) thus likely represents relatively small effect sizes.
Maternal immune activation during pregnancy has been directly linked to offspring neurodevelopment in preclinical studies with longitudinal monitoring of behavioral and brain processes during the course of neurodevelopment. For example, structural brain abnormalities (e.g., in the dopaminergic system) and behavioral alterations (e.g., in learning and memory paradigms or social behavior) are observed in animal models of schizophrenia after gestational exposure to immune activation 31 , consistent with our prior work 11 . Regional brain alterations in the serotonergic system and autism-like behavioral changes are also shown in rodents after gestational administration of pro-inflammatory cytokines though information on cytokine content in the brain is limited 32 . While animal models provide valuable insight into the molecular mechanisms of gestational immune activation and brain abnormalities, translation of these findings to humans are limited due to differences in the severity and timing of Table 3 Gestational cytokine concentration in the 2nd and 3rd trimesters and children's academic achievement at 7 years (n = 1128) Models are adjusted for a child's sex and age, and maternal race, education, age, socioeconomic disadvantage, history of treatment for psychiatric disorders, body mass index, preeclampsia, and gestational diabetes Effect sizes are reported per log unit increase in the cumulative cytokine concentration (pg/mL) of each cytokine during gestation WRAT arithmetic score was log-transformed. Higher scores of WRAT indicated a better performance CI confidence interval, IL interleukin, TNF tumor necrosis factor, WRAT Wide Range Achievement Test Table 4 Gestational cytokine concentration in the 2nd and 3rd trimesters and children's neuropsychological functioning at 7 years (n = 1128)
Bender Gestalt gestational immune activation and species-specific differences in developmental trajectories and behavioral phenotypes in humans and in animals, among other factors 33, 34 . Ecological studies of infectious exposures have provided indirect evidence of an association between elevated gestational inflammation and neuropsychiatric disorders among offspring 35 . One large nested casecontrol study of systemic inflammation and infection in the form of prenatal fever found an association with increased risk of autism, with risk increasing over 3-fold in offspring of mothers reporting three or more fever episodes in the 2nd and 3rd trimesters 5 . In some recent studies directly evaluating the biomarkers of gestational inflammation, increased rates of neuropsychiatric disorders have been observed 13, 36, 37 . However, until now there have been no direct tests of the involvement of gestational inflammation in neurocognitive development during childhood, which, given evidence of the neurocognitive precursors of psychiatric disorders 14 , plays a plausible role in mediating the association between gestational inflammation and offspring risk of neuropsychiatric disorders. We addressed this gap in knowledge by measuring inflammatory markers in stored prenatal sera from pregnant women and linking these markers to neurocognitive function.
Reports in animal models suggest that cytokines, in particular, T helper 1 cytokines such as TNF-α, can pass through the placental-fetal barrier to reach fetal brain 38 ; other studies show, in addition, indirect effects of certain cytokines on the developing fetus through induction of placental dysfunction 39 . Whether acting directly or indirectly, many cytokines are expressed in the placenta and play a crucial role in regulation of the maternal-fetal immune interface to prevent maternal rejection of the fetus. At the same time, a number of these cytokines are known to affect differentiation and growth of neural cells in addition to their effect on immune cell populations 40 . Cytokines such as TNF-α have been shown to modulate the survival and growth of neuronal and glial cells 41 . TNF-α also induces IL-6 synthesis in astrocytes and enhances release of nerve growth factor 42 . In vitro examination of neural cells exposed to TNF-α has shown a decrease in the development of dendrites on embryonic cortical neurons, suggesting a putative mechanism for neurodevelopmental influences of TNF-α 43 . Based on this evidence, even minor deviation in normal TNF-α levels during pregnancy might be associated with adverse fetal brain development. Our findings suggest that intrauterine exposure to elevated levels of TNF-α may trigger some of the brain abnormalities that underlie appearance of neurocognitive impairment in childhood.
Contradictory reports exist concerning the influence of fetal sex on circulating gestational cytokine levels such as TNF-α. While one study showed no differences in serum TNF-α between women carrying male and females fetuses only reporting higher stimulated production of proinflammatory cytokines in women carrying female fetuses 44 , another reported that women with male fetuses had higher pro-inflammatory cytokine levels during mid to late pregnancy compared to women carrying female fetuses 45 . In the NEFS cohort, female offspring exposed to lower gestational levels of TNF-α were more likely than male offspring to develop schizophrenia 11 and depression 13 . We found no significant sex differences in the association between gestational TNF-α and offspring neurocognitive function outcomes in childhood. One speculative explanation is that sex differences in neurocognitive outcomes may not manifest until post-puberty. Timing of the measurement of TNF-α might also play a role in detecting sex differences in child neurocognitive outcomes.
For IL-8, we found that lower concentrations were associated with more impaired cognitive performance and motor function. In a large nested case-control study, mothers of children with ASD had no differences in IL-8 levels during mid-gestation compared to controls 12 . Interestingly, when the study was restricted to children with ASD who did not have cognitive impairments, lower levels of IL-8 were associated with increased risk of ASD in children compared to general population controls. In contrast, in another prospective study, higher gestational IL-8 was associated with increased risk of schizophrenia in adults offspring 46 . Similarly, in 17 patients with schizophrenia, associations were shown between higher gestational IL-8 and multiple structural brain changes consistent with the symptom constellation of schizophrenia 47 . Given the differences reported in the directions of associations between these immune molecules and neuropsychiatric outcomes, the impact of cytokines might be brain-region and brain-function specific. Our outcome measures taken at age 7 may represent more subtle findings than those consistent with major neuropsychiatric disorders. Replication studies are needed to confirm this.
We did not observe any associations between IL-6, IL-10, and IL-1β and neurocognitive function. Some studies have shown a link between gestational levels of IL-6 and offspring ASD, psychosis, and developmental delays 11, 12 . In contrast, Abdallah et al. showed no association between IL-6 measured in amniotic fluid and ASD 48 . In in vitro studies, IL-6 and IL-1β are shown to significantly reduce dendrite development and complexity of developing cortical neurons (pathologic findings consistent with features of schizophrenia) 43 , whereas some epidemiological studies reported no association of IL-6 and IL-1β and schizophrenia 46 . Findings regarding the relationship between gestational IL-10 and child neurodevelopment have also been conflicting 37, 48 . It is noteworthy that most of these studies investigated the link between gestational cytokine levels and neuropsychiatric disorders. The effect of elevated cytokines on brain development might only be prominent in children with severe developmental delays or in those who later onset with major neuropsychiatric disorders.
This study had several strengths including a longitudinal design and a large sample size, repeated measurement of cytokines, broad control of potential confounders, and direct assessment of neurocognitive skills across broad domains. However, serum samples were stored for a long period of time and degradation of cytokines was possible. We do not expect degradation within samples to be differential according to maternal or fetal factors or to be associated with later child development. All samples were stored under similar conditions and underwent similar number of freeze-thaw cycles prior to running in cytokine assays. Additionally, we previously reported that the medians and ranges of cytokines (e.g., IL-8 and TNF-α) in the subsample of the CPP are comparable to those observed in more recent studies 16, 49 . Among approximately 40% of participants, only one serum sample was available, potentially influencing our estimates of cumulative cytokine levels within the population. We included assays of five cytokines previously linked to psychopathologic disorders among offspring; however, recent preclinical studies suggest a role of additional cytokines not included in this analysis, including the pro-inflammatory molecule, IL-17 50 . We did not have sufficient numbers of samples from individual pregnancy within each trimester to examine the potential trimester-specific effects of exposures to inflammation.
In summary, we found associations between 2nd and 3rd trimester TNF-α and IL-8 and offspring neurocognitive functioning in children up to age 7. The opposing direction of association observed between TNF-α and IL-8 and childhood outcomes suggests that gestational inflammation and markers of immune function may have pleiotropic effects across domains of neurocognitive function in childhood. Impairments in neurocognitive functioning are closely related to childhood psychiatric disorders such as ASD, ADHD, and conduct disorder. These psychopathological disorders in children are multifactorial. Yet, our findings point to a potential role of immune processes in abnormal neurocognitive development of children. Future studies with repeated measurements of cytokines during pregnancy and across all trimesters of pregnancy will help to define the natural variation in cytokine levels throughout gestation and determine whether associations of maternal gestational immune function with offspring neurocognitive development are trimester specific.
